Introduction
============

Fetoplacental endocrine changes during pregnancy affect maternal and fetal outcomes [@B1], [@B2]. Maternal estrogen, progesterone, adiponectin, and leptin levels are related to body weight and insulin sensitivity [@B3]-[@B7]. In particular, estrogen and its receptor are known to be important regulators of body weight and insulin sensitivity [@B3]. Estriol (E3) is a weak estrogen agonist, but has potent antagonistic activity when present together with estradiol (E2) [@B8]-[@B10].

Pregnancy is characterized by weight gain [@B11] and a state of insulin resistance. Some studies have reported insulin sensitivities 50 to 70% lower in pregnant compared to non-pregnant women [@B12], [@B13], and this change contributes to the development of gestational diabetes mellitus (GDM). The currently available standard oral glucose tolerance test (OGTT) is only capable of diagnosing the physiological diabetogenic state late in pregnancy [@B12], [@B14]-[@B16], by which point it is too late to take preemptive actions to prevent diabetic complications. Many clinical researchers are interested in studying changes in routinely screened maternal biochemical markers [@B17]-[@B21] or gestational weight changes [@B22]-[@B25] in order to diagnose adverse pregnancy complications including GDM early.

Estrogens produced by the placenta exert normal endocrine effects during pregnancy, and we hypothesized that these hormones may be involved in the regulation of insulin sensitivity, and thus play a role in the development of GDM. One previous report has demonstrated that patients with HCG \> 1.04 MoM (Multiple of the Median) and unconjugated E3 (uE3) ≤ 0.88 MoM measured in a triple test were associated with GDM development [@B21]. Some studies found that low maternal uE3 levels in the second trimester were associated with fetal growth restriction [@B20], increased risk of pregnancy loss [@B19], [@B26], preterm birth [@B19] and decreases in birth weight for gestational age [@B27]. Another study showed that maternal serum E2 and E3 at delivery were significantly and positively correlated with birth weight [@B28].

The aim of this study was to evaluate the clinical utility of maternal serum uE3 level, a biochemical marker measured routinely in the early second trimester, to predict adverse pregnancy outcomes including gestational diabetes in a large cohort of Korean women with singleton pregnancies. We based our analysis on two models; 1) we used ≤ 5^th^ percentile or ≥ 95^th^ percentile cut-offs of serum marker raw values generated from our study population after adjusting for age and maternal weight, as well as 2) the generally accepted predefined MoM cut-off values, which are automatically programmed to adjust for age and gestational maternal weight.

Materials and Methods
=====================

Study subjects
--------------

This study used data obtained from pregnant women who delivered between July 1, 2007, and December 31, 2009, at Kangnam CHA Medical Center (Seoul, Korea). The present study protocol was reviewed and approved by the Institutional Review Board (IRB) of Kangnam CHA Medical Center (IRB No. KNC 10-025). Participants were excluded if they had a twin pregnancy, fetal anomaly, hypertensive disorder before pregnancy, preexisting diabetes, and missing pre-pregnancy or delivery weights. All participants underwent measurements of the first trimester biochemical marker PAPP-A, and the early second trimester biochemical biomarkers AFP, free beta-HCG, uE3, and inhibin A. Retrospective chart analyses of 1,553 women with complete follow-up data who delivered in our institution with available E3 measurements during their pregnancies were included in the study.

We defined abnormal levels of each maternal serum marker as ≤ 5^th^ percentile or ≥ 95^th^ percentile of the overall screened population, which were measured in weeks 16.4 ± 0.7 of gestation, and we compared those with MoM reference levels of each maternal serum marker.

Adverse pregnancy outcomes
--------------------------

Adverse pregnancy outcomes included (A) preterm birth (delivery at less than 37 weeks\' gestation), (B) GDM (≥2 positive results in a 3-hour 100g OGTT), (C) macrosomia (birth weight ≥ 4,000g), (D) large or small for gestational age (LGA or SGA; birth weight \> 90^th^ or \< 10^th^ percentiles), (E) primary cesarean section (P-CS; due to failure to progress, mal-presentation of the fetus, and past history of uterus operation, but excluding repetitive CSs), (F) low 1-min APGAR scores \< 5, and (G) pregnancy-induced hypertension (PIH; systolic blood pressure \> 140 mmHg or diastolic blood pressure \> 90 mmHg after 20 weeks\' gestation).

Statistical Analysis
--------------------

Data were demonstrated using descriptive statistics as mean ± standard deviation unless otherwise stated. The effect of E3 on the incidences of adverse outcomes was examined using multinomial logistic regression with age and pre-pregnancy maternal weight as covariates. The level of statistical significance was considered as *P*-value \< 0.05. For statistical analyses, R version 3.3.0 (<http://cran.r-project.org/>) was used.

Results
=======

Table [1](#T1){ref-type="table"} summarizes the clinical characteristics of the study cohort. The total number of subjects was 1,553, the mean age was 32.9 ± 3.7 years, and the mean pre-pregnancy BMI was 21.2 ± 3.0 kg/m^2^. Approximately 59% of women were nulliparous and 17.5% of women had a family history of diabetes mellitus. The mean early second trimester biochemical biomarkers were investigated at 16.4 ± 0.7 weeks of gestation and mean birth weight was 3,282.5 ± 435.7 g.

Table [2](#T2){ref-type="table"} shows the odds ratios (ORs) for developing adverse outcomes for serum estriol based on the percentile cut-off of raw values generated from our study population after adjusting for age and maternal pre-pregnancy weight. uE3 \> 95^th^ percentile of the overall screened population was associated with an increased risk for GDM (OR 2.05, *P*=4.94E-05), primary cesarean section (OR 4.06, *P*=0.12), and PIH (OR=3.78, *P*=0.00047) after controlling for pre-pregnancy maternal weight and age.

In Table [3](#T3){ref-type="table"}, we measured the OR for developing adverse pregnancy outcomes for serum uE3 using predefined MoM cut-off values. A uE3 value ≥ 2.0 MoM was associated with GDM (OR=4.11, *P*=0.0005), but a uE3 value ≤ 0.5 MoM was not associated with any adverse pregnancy outcomes.

As shown in Tables [2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}, uE3 \> 95^th^ percentile or ≥ 2.0 MoM was associated with an increased risk for GDM irrespective of any modeling. Compared to the predefined MoM cut-off values generated automatically by computer software programs, the other modeling using percentile cut-off of raw values generated from our study population showed a stronger association between maternal serum uE3 and adverse pregnancy outcomes such as primary cesarean section and PIH, but not GDM.

Tables [4](#T4){ref-type="table"} and [5](#T5){ref-type="table"} list multinomial logistic regression analyses and show that uE3 ≥ 95^th^ percentile or ≥ 2.0 MoM was associated with the development of gestational diabetes irrespective of any covariate adjustment.

Discussion
==========

During the early stages of pregnancy, progesterone and 17β-estradiol are secreted by the corpus luteum until the placenta develops and is able to take over the role of hormone synthesis for the remainder of the pregnancy [@B29]. The levels of estrogen and progesterone continue to rise throughout pregnancy [@B2].

Maternal hormones are regulated by the maternal pituitary gland and the placenta, and play a key role in the physiologic development of maternal insulin resistance [@B30]. To compensate for these physiological changes, maternal insulin resistance is counteracted by an upregulation of insulin production via the proliferation of β-cells, the stimulation of insulin gene expression, and glucose dependent insulin secretion throughout gestation, thus allowing the blood glucose concentration to remain within the physiological range [@B30]. If this β-cell response fails to adapt to the higher insulin demands of pregnancy, GDM may develop. One hypothesis is that a disruption of the β-cell response to maternal hormones contributes to the development of GDM. The role of the maternal hormone estrogen in this pregnancy adaptation process is largely unknown. However, it has been shown that E2 acts directly on β-cells to promote insulin biosynthesis and β-cell survival [@B29]. Estrogen receptors are expressed in the β-cells of the pancreatic islets and 17β-estradiol has been shown to enhance insulin biosynthesis and glucose-dependent insulin secretion [@B29], [@B31], [@B32].

Interestingly, E3 has a weak estrogenic effect when administered to ovariectomized animals, but acts as an antiestrogen when administered in combination with E2 [@B8]. E3 inhibits the positive cooperative binding of E2 to the estrogen receptor [@B9]. The antagonistic properties of E3 were correlated with its capacity to abolish the positive cooperative binding interaction between E2 and its receptor, and 50% inhibition of \[^3^H\]-estradiol binding by E3 was sufficient to entirely abolish the positive cooperative interaction of E2 with the estrogen receptor [@B9], [@B10]. In vitro, E3 has been shown to induce insulin resistance in 3T3-L1 adipocytes by reducing insulin stimulated glucose transport [@B33]. E2 and E3 production increases throughout normal pregnancy, and serum E3 levels are much higher than E2 levels [@B2]. The onset of GDM in humans occurs during the second trimester of pregnancy, at a time when progesterone, E2 and E3 levels increase [@B2], [@B29].

Our data showed for the first time that an early second trimester E3 \> 95^th^ percentile of raw values generated from our study population or ≥ predefined 2.0 MoM is associated with an increased risk for developing GDM. It is possible that very high maternal serum levels of E3 in early pregnancy inhibit the interaction of E2 with its receptor, thus promoting insulin resistance and the development of GDM.

On the other hand, a previous study in humans demonstrated that low uE3 levels in the second trimester were associated with fetal growth restriction [@B20] and a decrease in birth weight for gestational age [@B27]. Maternal serum E2 and E3 at delivery were significantly and positively correlated with birth weight [@B28]. However, our study showed no association between maternal serum uE3 ≤ 5^th^ percentile or uE3 ≤ 0.5 MoM and adverse pregnancy outcomes including macrosomia, and SGA infants.

MoM is a measure of how far an individual test result deviates from the median, and is commonly used to report the results of prenatal screening tests, particularly where results of the individual tests are highly variable [@B34]. Medians used to calculate the MoM must be representative of the population studied. Currently, MoM levels are determined by geographic regions, ethnic and analytic variation, and maternal age and weight. However, no reference levels representative of our geographical region have been determined from the prenatal screening marker results of normal pregnant women without adverse pregnancy outcomes. Therefore, we utilized ≤ 5^th^ percentile or ≥ 95^th^ percentile cut-offs of raw values generated from our study population for each serum marker adjusted for maternal age and maternal weight. Compared to the predefined MoM cut-off values generated automatically by computer software programs, our method showed wider association between maternal serum uE3 and adverse pregnancy outcomes including primary cesarean section, GDM, and PIH. Our findings suggest that percentile cut offs may be more clinically relevant for predicting adverse pregnancy outcomes compared with the currently available MoM values in Koreans. The strengths of our study include accurate and complete maternal serum uE3 data and comprehensive general pregnancy outcome data, including APGAR scores. This study is limited by its retrospective design and the relatively small sample size.

In conclusion, maternal serum uE3 \> 95^th^ percentile of the overall screened population or uE3 ≥ 2.0 MoM was associated with an increased risk of developing GDM after controlling for age and pre-pregnancy maternal weight.
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###### 

Clinical characteristics of the study subjects.

  Characteristic                                Mean ± SD or number
  --------------------------------------------- ---------------------
  Number of subjects (n)                        1,553
  Maternal age (years)                          32.9 ± 3.7
  Parity                                        
  0                                             914 (58.9%)
  ≥ 1                                           639 (41.1%)
  History of hypertension (n, %)                9 (0.6%)
  Family history of DM (n, %)                   272 (17.5%)
  Family history of hypertension (n, %)         314 (20.2%)
  Pre-pregnancy BMI (kg/m^2^)                   21.2 ± 3.0
  Gestational age at (weeks)                    
  First trimester biochemistry markers          11.9 ± 0.7
  Early second trimester biochemistry markers   16.4 ± 0.7
  OGTT                                          27.9 ± 1.7
  Delivery                                      39.1 ± 1.4
  Birth weight (g)                              3,282.5 ± 435.7

DM: Diabetes Mellitus; BMI: Body Mass Index; OGTT: Oral Glucose Tolerance Test.

###### 

The odds ratios for developing adverse outcomes for each serum marker using raw values adjusted for age and maternal weight.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                         P-CS                     GDM                     LGA                  Low APGAR               Macrosomia           PIH                     Preterm              SGA
  ---------------------- --------------- ------------------------ ----------------------- -------------------- ----------------------- -------------------- ----------------------- -------------------- -----------------------
  Groups                 Actual cutoff   999 (12.9%)              202 (63.9%)             80 (4.4%)            45 (5.3%)               69 (5.1%)            65 (4.2%)               80 (5.1%)            83 (2.9%)

  AFP lower\             23.44 ng/mL     1.53 (0.91 - 2.57)       1.27 (0.69 - 2.32)      1.42 (0.64 - 3.14)   2.89 (1.14 - 7.32) \*   1.71 (0.77 - 3.82)   1.47 (0.60 - 3.59)      1.08 (0.41 - 2.82)   1.71 (0.66 - 4.47)
  (≤ 5^th^ percentile)                                                                                                                                                                                   

  AFP upper\             73.11 ng/mL     1.15 (0.70 - 1.87)       0.74 (0.33 - 1.65)      0.62 (0.15 - 2.62)   0.47 (0.06 - 3.51)      0.75 (0.18 - 3.18)   2.42 (0.92 - 6.37)      0.79 (0.24 - 2.58)   1.34 (0.56 - 3.22)
  (≥95^th^ percentile)                                                                                                                                                                                   

  E3 lower\              0.60 ng/mL      1.44 (0.87 - 2.40)       1.13 (0.58 - 2.19)      1.11 (0.42 - 2.90)   2.43 (0.92 - 6.38)      1.31 (0.50 - 3.43)   1.34 (0.46 - 3.89)      1.57 (0.66 - 3.77)   0.83 (0.25 - 2.71)
  (≤ 5^th^ percentile)                                                                                                                                                                                   

  E3 upper\              12.60 ng/mL     4.06 (2.06 - 8.00) \*    2.05 (1.17 - 3.57) \*   0.89 (0.31 - 2.58)   0.46 (0.06 - 3.37)      0.76 (0.23 - 2.56)   3.78 (1.79 - 7.97) \*   1.04 (0.37 - 2.92)   1.67 (0.70 - 3.98)
  (≥95^th^ percentile)                                                                                                                                                                                   

  HCG lower\             15.58 IU/mL     1.00 (0.62 - 1.61)       0.61 (0.28 - 1.36)      0.33 (0.08 - 1.40)   0.39 (0.05 - 2.85)      0.39 (0.09 - 1.67)   0.52 (0.12 - 2.21)      0.68 (0.21 - 2.22)   0.56 (0.14 - 2.36)
  (≤ 5^th^ percentile)                                                                                                                                                                                   

  HCG upper\             125.90 IU/mL    3.32 (1.77 - 6.24) \*    2.58 (1.51 - 4.42) \*   0.53 (0.13 - 2.20)   0.00 (0.00 - Inf)       0.63 (0.15 - 2.64)   3.55 (1.59 - 7.90) \*   1.04 (0.37 - 2.93)   2.09 (0.97 - 4.53)
  (≥95^th^ percentile)                                                                                                                                                                                   

  Inhibin lower\         92.40 pg/mL     1.31 (0.74 - 2.29)       0.85 (0.39 - 1.84)      0.91 (0.31 - 2.68)   0.47 (0.06 - 3.54)      0.00 (0.00 - Inf)    0.64 (0.15 - 2.77)      1.23 (0.43 - 3.52)   2.20 (0.84 - 5.80)
  (≤ 5^th^ percentile)                                                                                                                                                                                   

  Inhibin upper\         397.10 pg/mL    1.37 (0.79 - 2.38)       0.51 (0.18 - 1.43)      0.00 (0.00 - Inf)    0.00 (0.00 - Inf)       0.00 (0.00 - Inf)    1.81 (0.53 - 6.20)      0.28 (0.04 - 2.07)   2.26 (0.96 - 5.29)
  (≥95^th^ percentile)                                                                                                                                                                                   

  PAPPA lower\           1.02 mIU/mL     1.25 (0.69 - 2.25)       2.10 (1.03 - 4.26) \*   0.24 (0.03 - 1.79)   0.49 (0.06 - 3.68)      0.55 (0.13 - 2.41)   1.57 (0.44 - 5.57)      1.96 (0.73 - 5.23)   1.21 (0.36 - 4.08)
  (≤ 5^th^ percentile)                                                                                                                                                                                   

  PAPPA upper\           10.09 mIU/mL    4.52 (1.89 - 10.82) \*   2.08 (0.97 - 4.45)      0.52 (0.07 - 3.94)   0.63 (0.08 - 4.78)      0.00 (0.00 - Inf)    3.50 (0.97 - 12.55)     0.96 (0.22 - 4.12)   2.63 (1.05 - 6.57) \*
  (≥95^th^ percentile)                                                                                                                                                                                   
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

\*: P\<0.05. P-CS: primary caesarian section, GDM: gestational diabetes mellitus, LGA: large for gestational age, SGA: small for gestational age, PIH: pregnancy-induced hypertension, PAPPA: pregnancy-associated plasma protein A, AFP: alpha-fetoprotein, HCG: human chorionic gonadotropin, E3: estriol, Inf: infinity.

###### 

The odds ratios for developing adverse outcomes for each serum marker using MoM values with predefined cutoffs for upper and lower limits (no co-variates).

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                              P-CS                     GDM                     LGA                  Low\_\                Macrosomia           PIH                      Preterm              SGA
                                                                                                    APGAR                                                                                    
  --------------------------- ------------------------ ----------------------- -------------------- --------------------- -------------------- ------------------------ -------------------- --------------------
  Groups                      999 (12.9%)              202 (63.9%)             80 (4.4%)            45 (5.3%)             69 (5.1%)            65 (4.2%)                80 (5.1%)            83 (2.9%)

  AFP_MOM Lower (≤ 0.25)      161119.37 (0.00 - Inf)   0.00 (0.00 - Inf)       0.00 (0.00 - Inf)    0.00 (0.00 - Inf)     0.00 (0.00 - Inf)    0.00 (0.00 - Inf)        0.00 (0.00 - Inf)    0.00 (0.00 - Inf)

  AFP_MOM Upper (≥ 2.0)       0.82 (0.40 - 1.68)       0.69 (0.21 - 2.29)      0.59 (0.08 - 4.38)   0.00 (0.00 - Inf)     0.00 (0.00 - Inf)    3.42 (1.16 - 10.07) \$   0.61 (0.08 - 4.50)   1.89 (0.56 - 6.34)

  E3_MOM Lower (≤ 0.5)        0.95 (0.41 - 2.18)       1.00 (0.29 - 3.38)      0.82 (0.11 - 6.12)   3.24 (0.74 - 14.24)   0.96 (0.13 - 7.23)   1.04 (0.14 - 7.87)       0.84 (0.11 - 6.30)   0.78 (0.10 - 5.87)

  E3_MOM Upper (≥ 2.0)        1.62 (0.68 - 3.86)       4.11 (1.85 - 9.11) \$   2.35 (0.69 - 7.96)   0.00 (0.00 - Inf)     2.76 (0.81 - 9.41)   3.00 (0.88 - 10.25)      2.41 (0.71 - 8.19)   0.69 (0.09 - 5.17)

  HCG_MOM Lower (≤ 0.5)       1.23 (0.81 - 1.86)       0.80 (0.43 - 1.48)      0.66 (0.24 - 1.85)   0.29 (0.04 - 2.12)    0.77 (0.27 - 2.15)   0.44 (0.10 - 1.81)       1.06 (0.45 - 2.51)   0.88 (0.35 - 2.22)

  HCG_MOM Upper (≥ 2.0)       1.48 (1.00 - 2.21)       0.92 (0.53 - 1.60)      0.86 (0.37 - 2.02)   0.50 (0.12 - 2.08)    0.65 (0.23 - 1.82)   1.77 (0.85 - 3.67)       0.74 (0.29 - 1.88)   1.38 (0.67 - 2.84)

  Inhibin_MOM Lower (≤ 0.5)   1.38 (0.73 - 2.61)       0.65 (0.23 - 1.85)      1.81 (0.63 - 5.23)   0.68 (0.09 - 5.05)    0.00 (0.00 - Inf)    1.90 (0.56 - 6.39)       1.85 (0.64 - 5.34)   0.90 (0.21 - 3.81)

  Inhibin_MOM Upper (≥2.0)    1.28 (0.86 - 1.92)       0.92 (0.51 - 1.64)      1.01 (0.43 - 2.40)   0.26 (0.04 - 1.90)    0.94 (0.37 - 2.41)   1.19 (0.46 - 3.09)       0.85 (0.33 - 2.17)   1.43 (0.66 - 3.07)

  PAPPA_MOM Lower (≤ 0.4)     1.24 (0.82 - 1.89)       1.88 (1.14 - 3.10) \$   0.62 (0.22 - 1.74)   0.80 (0.24 - 2.67)    0.72 (0.25 - 2.05)   3.40 (1.64 - 7.03) \$    1.31 (0.60 - 2.84)   1.43 (0.66 - 3.12)

  PAPPA_MOM Upper (≥ 2.5)     0.92 (0.62 - 1.38)       0.78 (0.41 - 1.51)      0.77 (0.30 - 1.98)   0.26 (0.04 - 1.92)    0.53 (0.16 - 1.74)   0.56 (0.13 - 2.39)       0.15 (0.02 - 1.11)   1.42 (0.65 - 3.09)
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

\$: P\<0.05; P-CS: primary caesarian section; GDM: gestational diabetes mellitus; LGA: large for gestational age; SGA: small for gestational age; PIH: pregnancy-induced hypertension.

###### 

Multinomial logistic regression analysis of developing gestational diabetes using uE3 percentiles.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                  Model 1\                                               Model 2\                                        Model 3\                                          
                                  (Adjusted for pre-pregnancy maternal weight and age)   (Adjusted for pre-pregnancy maternal weight )   (No adjustment)                                   
  ------------------------------- ------------------------------------------------------ ----------------------------------------------- -------------------- ------- -------------------- -------
  E3 upper (≥95^th^ percentile)   2.05 (1.17 - 3.57)                                     0.012                                           2.04 (1.17 - 3.55)   0.012   2.13 (1.23 - 3.69)   0.007

  E3 lower (≤5^th^ percentile)    1.13 (0.58 - 2.19)                                     0.727                                           1.13 (0.58 - 2.20)   0.713   1.16 (0.60 - 2.25)   0.650
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### 

Multinomial logistic regression analysis of developing gestational diabetes using predefined MoM cutoffs.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                         Model 1\                                               Model 2\                                        Model 3\                                          
                         (Adjusted for pre-pregnancy maternal weight and age)   (Adjusted for pre-pregnancy maternal weight )   (No adjustment)                                   
  ---------------------- ------------------------------------------------------ ----------------------------------------------- -------------------- ------- -------------------- -------
  E3_MOM Upper (≥ 2.0)   3.67 (1.63 - 8.27)                                     0.002                                           3.62 (1.61 - 8.13)   0.002   4.11 (1.85 - 9.11)   0.000

  E3_MOM Lower (≤ 0.5)   0.90 (0.26 - 3.08)                                     0.868                                           0.90 (0.26 - 3.06)   0.863   1.00 (0.29 - 3.38)   0.998
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Odd ratios (ORs) and 95% confidence intervals (CIs) from the logistic regression analysis are given in the table.
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